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ABSTRACT

Microbubbles are often used in chemistry, biophysics, and medicine. Properly controlled microbubbles have been proved beneficial for
various applications by previous scientific endeavors. However, there is still a plenty of room for further development of efficient microbubble
handling methods. Here, this paper introduces a tunable, stable, and robust microbubble interface handling mechanism, named as microfluidic
standing air bubbles (uUSABs), by studying the multiphysical phenomena behind the gas-liquid interface formation and variation. A basic uSAB
system consists specially structured fluidic channels, pneumatic channels, and selectively permeable porous barriers between them. The pSABs
originate inside the crevice structures on the fluidic channel walls in a repeatable and robust manner. The volumetric variation of the uSAB is a
multiphysical phenomenon that dominated by the air diffusion between the pneumatic channel and the bubble. Theoretical analysis and exper-
imental data illustrate the coupling processes of the repeatable and linear uSAB volumetric variation when operated under common handling
conditions (control pneumatic pressure: —90 kPa to 200 kPa). Furthermore, an adjustable acoustic microstreaming is demonstrated as an appli-
cation using the alterable uSAB gas-liquid interface. Derived equations and microscopic observations elucidate the mechanism of the continu-
ous and linear regulation of the acoustic microstreaming using varying uSAB gas-liquid interfaces. The pSAB system provides a new tool to
handle the flexible and controllable gas-liquid interfaces in a repeatable and robust manner, which makes it a promising candidate for innova-
tive biochemical, biophysical, and medical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086920

INTRODUCTION

After decades of development, microfluidics is still keen to find
the killer-applications in the fields of life science, medicine, biophy-
sics, biochemistry, and so on, by enriching the knowledge and tech-
nology libraries.”” Yet, there are still a plenty of essential issues to be
solved for the further development of practical products and tools
with high-levels of robustness, repeatability, and accuracy.

Microbubbles are often observed and further utilized in micro-
systems. The microscale bubbles could behave as efficient tools if
under proper deployment. Varieties of microbubble formation and
control techniques have been developed’™" and utilized in different
applications.'*™' For other cases, some unwanted microbubbles are
accused as one of the sources of performance deterioration, and
various bubble removal strategies have been developed.”* >

Unlike the segmented flow or the bubble clusters, the air
bubble generated on the microchannel walls or surfaces have

attracted much attention.””" These microbubbles could function
individually or in group, to regulate the microscale flow,"*'>*>* to
manipulate the microparticles and cells,”™*" and so on. Although
efforts have been done in various aspects, there is still a lot of room
for further studies of reliable and robust microbubble control
methods.' "'

Here, this paper reports an integrated system to generate and
to control the robust and functional microbubbles in microfluidic
devices, named as the microfluidic standing air bubble (uSAB)
system. A typical USAB system consists of crevice structures on the
fluidic channel walls, proximal pneumatic channels, and selectively
permeable porous barriers between them, as illustrated in Fig. 1.
The uSABs initially take shape in the crevices during the liquid
flow and they firmly attach to the channel walls during opera-
tions.”””" The size and the geometry of the microbubbles are
controlled by the air diffusion between the proximal pneumatic
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FIG. 1. The microfluidic standing air bubble system. A typical uSAB system
consists of crevice structures on the fluidic channel walls, proximal pneumatic
channels and permeable porous barriers. Insets demonstrate the structure sche-
matics (top-left), the control linearity (top-right), and the repeatable bubble varia-
tions (bottom-left). Scale bars represent 100 um.

channels and bubble boundaries that is ultimately maneuvered by
the pneumatic pressure.”> Although the crevice structure for bubble
nucleation has been studied and utilized, the uSAB system in this
report provides significantly improved handling capability and
robustness by integrating the control mechanism. The pSAB(s)
can be manipulated individually or in group through single or
multiple pneumatic control signal(s). Also, they can provide extra
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controllability and stability since the signal disturbance are filtered
through the air mass transfer processes, comparing with the
syringe pump driven microbubbles.'** Multiphysical phenomena
of the uSAB formation and volumetric variation are studied with
theoretical and experimental approaches.

As an application of the uSAB system, the adjustable bubble-
based acoustic microstreaming phenomenon is demonstrated with
theoretical derivations and experimental tests. In addition to the
previous approaches, the pSAB-based system can continuously
regulate the microstreaming pattern with good linearity and con-
trollability, by simply tuning the pneumatic pressure. We anticipate
that this elegant and functional microbubble system could provide
useful tools and methods to the application fields such as life
science, medicine, biophysics, and biochemistry.

MICROFLUIDIC STANDING AIR BUBBLE FORMATION

The crevice model of air bubble formation was introduced in
1944 and then have been widely studied.””™' The crevices with
small inner angles on microchannels would lead to small gas-
pocket formation, as demonstrated in Fig. 2. Based on this physical
phenomenon, the pSAB system introduces proximal pneumatic
channels to achieve effective control over the generated microbub-
bles. The authors have used similar channel structures for fluidic
actuation and bubble elimination in previous studies.”>”’

In the microfluidic standing air bubble system, the microscale
crevices are fabricated on the channel walls to initiate the bubbles,
as shown in Fig. 2(a). When the dynamic contact angle between
the liquid and the channel walls [a in Fig. 2(b)] is larger than the
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FIG. 2. Microfluidic standing air bubble formation. (a)—(c) The crevice model of microbubble formation. (d)~(g) The microscopic observation of the bubble formation process.
The advancing contact angle between the liquid and the channel wall was close to 90° and smaller than 100°. The crevice structures in the tests are designed as equilateral
triangles with 75um on each side. The fluidic channel depth is 30 zm, and the channel width is 150 zm. (h) Comparison of bubble formation between crevices with different
inner angles. The contact angle between the liquid and the channel wall in the demonstrated experiment is about 90°. (i) The statistic illustration of the bubble formation in dif-
ferent crevice structures. About 20 bubbles have been measured for each condition under same in-flow and pneumatic pressure (0.5 zl/min and 20 kPa).
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crevice inner angle [§ in Fig. 2(b)], the liquid is unable to fill all the
space inside the crevice when flowing by, as demonstrated in
Figs. 2(a)-2(c). There will be air remained in the crevices to form
small bubbles. Figures 2(d)-2(g) are the top view of the uSAB for-
mation process under microscopic observation. As in Fig. 2(h),
conditions of crevice angles between 15° and 120° were experimen-
tally tested and compared with aqueous solutions, which further
validated the principle (see more in the supplementary material for
further details). In the experiment, the liquid was syringe-pumped
into the serpentine microchannel with a flow rate of 0.5 ul/min. At
the same time, a positive pneumatic pressure (~20 kPa) was applied
into the pneumatic control channel to balance the liquid pressure.

As illustrated in Fig. 2(i), the bubble formation have been
repeated and characterized in crevice structures with different
dimensions and inner angles. The plotted data demonstrated that
the uniformity of the formed puSABs is not the same under different
structural conditions. The microbubbles formed with larger volume
(such as crevices with 30° and 45° in the middle) owns better unifor-
mity based on the plotted data. The largest value of the relative stan-
dard deviation (RSD) of the microbubble formation volume is
~15.7% when the crevice inner angle is 15°. The data cannot cover
all of the crevice structures and dimensions; nevertheless, it could
prove that the formation process is reproducible and robust.

It is commonly believed that the static contact angle between
normally made polydimethylsiloxane (PDMS) and water is around
105°, but it varies due to the liquid solution used, aging of material,
environmental conditions, fabrications, and operation protocols.’“
In this study, the advancing contact angle between the flowing liquid
(a mixture of DI water and blue inkjet printer ink, 5:1 in volume)
and PDMS-made microchannel surface was in the range of 90° to
110° (based on microscopic pictures, see more in the supplementary
material). It is reasonable since all the experimental procedures
followed standard protocols. Combining the previous statements,
the threshold angle value of the crevices is considered as 90° for
the following section of this report.

Still, the PDMS microchannel surfaces are sensitive to envi-
ronmental conditions and handling protocols, and it could turn
to be either hydrophilic or hydrophobic, or varying between
them. However, it will not affect the uSAB formation process if
the crevice angles are far away from the swing range of advancing
contact angle. Hence, the testing devices are designed to array 60°
crevices on the fluidic channel walls to generate and to control
the uSABs. Most of the previous acoustic microstreaming studies
used rectangular cavities inside the channel walls. The triangular
crevice structures with 60° inner angles could improve the unifor-
mity of the bubble formation and the robustness of the bubble
volumetric variation, as demonstrated below. (See more in the
supplementary material.)

MICROFLUIDIC STANDING AIR BUBBLE VOLUMETRIC
VARIATION AND CHARACTERIZATION

The PDMS material is highly permeable to air and some other
gases, while it prevents the trespassing of aqueous solutions
through the material."* The pSAB system takes advantage of this
unique material property, building a barrier between the fluidic
channel and the pneumatic channel, to transfer air between the
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channels to control the bubble volume. Theoretical and experimen-
tal analysis are illustrated in Eqgs. (1)-(4), Figs. 3 and 4.

The pSAB volumetric variation is a multiphysical process
that couples interfacial air mass transfer, liquid flow mechanics,
and liquid-pSAB surface tension/pressure balancing, as shown in
Figs. 3(a) and 3(b). The pressure inside the uSAB influences the
liquid-uSAB interface geometry and the air diffusion that further
reacts at the uSAB variation. The liquid-uSAB interface defines
the geometry of the air bubble in liquid and the pressure differ-
ence between the liquid and the bubble. The fluid flow influences
the bubble shape, the bubble attachment to the fluidic channel
wall and the pressure balancing surrounding the bubble, through
the liquid pressure and shear exerted on the pSAB. More impor-
tant, these physical processes are always coupled to coinfluence
the uSAB variation and hardly analyzed individually.

Theories

Mathematical models are developed to theoretically under-
stand the multiphysical principles during the uSAB variation
process. Considering the time during uSAB variation, the process
could be analyzed as a quasistatic model, hence the coupling multi-
physical model could be described by the following equations.

Pressure balancing

The surface tension/pressure balancing surrounding the pSAB
is described as

1 1
Pu(t) = piiq + 2y cos Q[E + _} 1)

r(®)’
where py,(t) is the pressure inside the pSAB (pascal), pjq is the
liquid pressure surrounding the uSAB (pascal), y is the surface
tension of the liquid (newton per meter), 6 is the static contact
angle between the liquid and the PDMS (radian), & is the channel
height (meter), and r(f) is the equivalent radius of the pSAB-liquid
surface (meter).

The experimental observations (Fig. 2) indicated that the
minimal radius/curvature of the uSABs when they generated in the
crevices was about 27 um. Still, in all of the tested microfluidic
devices, the uSABs located in the middle of the total length of
the microchannels. Hence, based on the experimental data, the
Poiseuille flow equation and Eq. (1), the pressure difference
between the pneumatic channel and the uSAB was calculated and
plotted in Figs. 3(c) and 3(d). In the calculations, the channel
dimensions were the same as the tested devices (30 um in width,
150 um in height, 21.7 mm in length, the uSABs were in the middle
of the microchannel). The figures indicate that the pressure differ-
ences Ap between the proximal pneumatic channel and the uSAB
are majorly dependent on the fluid flow status. However, if under
the same flow rate, the pressure difference Ap could be seen as a
constant value during the uSAB volumetric changes.

Bubble volumetric variation

The air mass transfer is the driving force behind all of the
seen and unseen physical processes. As mentioned above, when the
microbubbles grow and shrink, the pressure inside the uSABs is
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FIG. 3. Multiphysical coupling of the
wSAB variation. (a) The uSAB status is
dependent on multiple physical pro-
cesses. (b) The air diffusion among
liquid, PDMS, and uSAB could be
described with two-film theories of
interfacial mass transfer. (c) The pres-
sure difference between the proximal
pneumatic channel and the uSAB (Ap)
under different pneumatic control pres-
sures. (d) The pressure difference
between the proximal pneumatic
channel and the uSAB (Ap) under dif-
ferent liquid flow velocities. Plots are
based on the calculation results from
simulation data. The microchannel
dimensions are the same in the tested
devices: 30um in width, 150 um in
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believed as quasistatic. Further, based on Henry’s law and two-film
theory in the liquid—gas mass transfer, the air concentration on the
USAB side of PDMS barrier is also seen as quasistatic during theo-
retical analysis for simplification, as illustrated in Fig. 3(b). Similar
studies and issues have been described by Salari et al."’

To estimate the uSAB variation process, two moments in
bubble variation are taken, initial time and ¢ time. Based on the
ideal gas law, the variation rate between these two moments could
be written as

Vi —V, A
t OzRT—n—
t Pt

T I’!oApb X
1ProPot

Ry(t) = (2)

where Ry(?) is the average rate of the uSAB volumetric variation
during the liquid flow (m®s™); V, is the uSAB volume in time
t (cubic meters); V; is the uSAB volume in the initial state (cubic
meters); 1, and n, are amount of air in the uSAB in time ¢ and
initial state (moles); p,, and py are the air pressure within USAB
(pascal); R is the gas constant, R =8.314J K~ ' mol™; T is the tem-
perature (kelvin); An is the variation of air amount in bubble
(moles); Apy, is the pressure difference in the uSAB between time
to and t (pascal).
Moreover, in Eq. (2),

An _ mhky [y rA)(RTepams(4) — spp(4))dA

tpe  2RT tpe

(©)

40 60 80 100

MSAB radius (um)

where h is the height of the microchannel (meter); k, is the overall
mass transfer constant through the PDMS-uSAB interface (meter
per second); cpams(t) is the air concentration in equilibrium PDMS
bulk phase at the PDMS-uSAB interface (not the concentration on
the channel wall) (molm™); s is the air solubility in PDMS
(dimensionless). Besides, the value of Ap,/pop; is very small since
the variation of the Apy, is ignorable comparing with the value of
(popr)> hence the term noApy/tpep, is negligible compared with
the first term on the right side of Eq. (2). Further, it infers a
linear relationship between An and the uSAB variation rate based
on Egs. (2) and (3).

In Eq. (3), the transient air concentration variation within
PDMS walls cpams(t) could be further written as™

2 - n? a2t ! ! D.
Cpdms(t) = 72 sin (nTnz) e 7 UO c() sin _m;z dz + el l”

t 252
P (1) — (<1 LA, 4
[, e o - v @

where [ is the thickness of the PDMS barrier on which concentra-
tion gradient place (meter); z is the distance from the fluidic
channel wall in the PDMS barrier (meter); c(z) is the concentration
distribution in PDMS in the initial state for each moment; ¢, is the
concentration in atmosphere (mol m™>); and D is the diffusion
coefficient of air in PDMS (m?s™!). This equation is to describe the
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FIG. 4. Microfluidic standing air bubble volumetric variation characterization. (a)—(f) Observation of pSAB volumetric variation under +40 kPa cycle. (g) Schematic illustra-
tions of the uSAB growth/shrinkage under positive/negative pressure. (h) Volumetric variation of uSAB under +60 kPa cycles for more than 1000 s. Twelve bubbles are
controlled at the same time. (i) Experimental data of the relationship between average nSAB volumetric variation rate (volume difference/time period) and pressure gradient
(pressure difference/barrier thickness) in growth and shrinkage cycles. The curve fitting (red line) indicates a good linearity in the demonstrated range, and the adjusted R?
is 0.9743. (j) Experimental data of the uSAB volumetric variation under +40 kPa pneumatic control pressure cycles. (k) Experimental data of the transient uSAB volumetric
change under pneumatic pressure cycles. (I) Calculated data based on experiments to characterize the air mass transfer process during bubble growth/shrinkage. The cal-
culations were based on the ideal gas law, the bubble pressure and the volume were estimated based on the experimental video.

air mass transfer in a transient state when the first Fick’s law is not
applicable.

Based on the derived theories and previous studies,'" the exper-
imental characterizations of the uSAB volumetric variation are dem-
onstrated in Fig. 4. In the tested devices, the crevice structures were
built in pairs to see the comparison during the bubble variation.
When a positive pressure was employed into the pneumatic control
channel, it created air pressure/concentration gradient across the
porous PDMS barrier, leading to an instant air mass transfer from
the pneumatic channel into the formed uSABs. The inward-diffusing
air inflated the bubble and changed the geometrical shape under the

balancing of surrounding pressure, as shown in Figs. 4(a)-4(c).

On the side without positive pressure, these inactive pSABs only had
slight and negligible changes, compared with the active uSABs across
the fluidic channel. The reason behind was that the solubility and
permeability of air in aqueous solution were much lower than those
in the PDMS material (more than an order smaller),”® so the air
diffused through the aqueous solution to reach the inactive uSABs
could hardly vary the bubble. As in Figs. 4(d)-4(f), when the pres-
sure in the pneumatic channel was switched to negative (vacuum),
the air mass transfer direction was inverted, as the air started to
diffuse out from the uSABs into the pneumatic channel across the
porous barrier. Similarly, the inactive uSABs across the fluidic
channel were hardly influenced.
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Further experimental studies were performed to explain the
physical processes behind the observed phenomena, as demon-
strated in Figs. 4(h)-4(1). Figure 4(h) is the data from the bubble
variation repeatability tests. There were 12 bubbles in the channels
and they were manually controlled by the +60 kPa pneumatic pres-
sure cycles. The volumetric variation process was measured in
Image] software. The dark lines are the average volume of the
12 uSABs, and the orange lines are the calculated standard devia-
tions. The variation process could last for hours if without being
disturbed. It indicates superior variation uniformity among the
USABs, well-behaved variation repeatability and robustness during
the growth/shrinkage cycles. Figure 4(i) characterizes the uSAB
volume variation under different pneumatic pressures. Calculation
and curve fitting were implemented based on experimental data.
In the figure, the uSAB volume variation rate (averaged for each
growth/shrink cycles) is plotted vs the calculated pressure gradient
(the pressure differences across the PDMS barriers divided by the
thickness of the barrier), under the basic structure design. The fitted
curve (the red line) illustrates a linear trend between the average uSAB
volume variation rate and the pressure gradient across the barrier
(R? is 0.9743). It implies the fact that the air mass transfer intensity
into or out of uSAB, which powers and dominates the bubble
variation, is in proportion to the pressure gradient. The illustrated
data were measured in no-flow/slow flow conditions (0-2 xl/min in a
30um high, 150 um wide microchannels). Under these conditions,
the flow-induced shear force affected the uSAB shape geometry in a
negligible way. When no/small shear stress exerted on the liquid-air
interface, most of the observed pnSAB would grow into a symmetric
and spherical shape. While liquid flew by the uSAB at relatively larger
velocities, the shear stress would be hardly ignored since it pushed the
bubbles into the downstream direction of the fluidic channel, which
influenced the air diffusion flux and the pressure/surface tension
balancing situation. Further, after the uSAB diameter exceeded 2/3 of
the fluidic channel width or the bubble-liquid interface overflew of
the crevice boundaries, most of the bubble variation trends were lack
of uniformity, so those circumstances were not considered in the
reported characterizations either.

Figure 4(j) demonstrates a single uSAB volumetric variation
process based on the experimental data. Similar to Fig. 4(h), the
growth and shrinkage processes of uSAB are also linear based on
the depicted curves. The reason is that the uSAB volume is propor-
tional to the air amount inside the bubble when the pressure is
constant based on the ideal gas law. While the uSAB pressure during
the growth/shrinkage could be seen as quasistatic processes; hence,
the bubble volume variation and the total amount of air diffusion are
both demonstrated as linear processes. The measured uSAB variation
data demonstrate lags and small fluctuations right after the pressure
switches between positive/negative, which is further explained in
Figs. 4(k) and 4(1). The direction of the mass transfer in the porous
PDMS took time to reverse when the “opposite” control pneumatic
pressure was applied. As shown, after the pneumatic pressure was
switched, the diffusion kept the same direction in the following
seconds. It resulted in the lags and fluctuations in the volumetric
variation. Figure 4(l) plots the time-dependent diffusive flux as
a nonlinear process, based on the experimental data from
Figs. 4(j) to 4(k). The inward air diffusive flux during the bubble
growth kept increasing before the pneumatic control pressure was
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switched to negative. It indicates that the concentration gradient
across the PDMS barrier has not reached equilibrium status before
the pneumatic pressure being switched, and the air diffusion that
dominated the bubble variation was always a dynamic process.

The theoretical and experimental analysis of the uSAB volumet-
ric variation could help understand the coupling physics behind the
microbubble growth and shrinkage, at the same time of validating
that the uSABs in the microfluidic channels own good controllability,
robustness, and repeatability. It will further benefit various applica-
tions that require flexible and variable gas-liquid interfaces.

CONTINUOUS VARIATION OF ACOUSTIC
MICROSTREAMING BASED ON pSABS

By adjusting the acoustic source parameters, the bubble-based
microstreaming could be functional to manipulate microparticles,
cells, and organisms.”>"**>*"~* Based on the characterization of the
USABEs, it was found that by directly controlling the uSAB dimension
and morphology, the continuous and linear microstreaming pattern
adjustment could be achieved. This following section illustrates that
how the variable uSABs influence the acoustic microstreaming

pattern based on theoretical and experimental approaches.

Theories

The major influencing forces on the particle during the acoustic
microstreaming are the radiation force due to the acoustic energy
and the drag force due to the particle movement. The radiation force
on a particle of volume V}, and density p,, in the proximity of a
bubble that is pulsating close to resonance is described by”’

_3Velby — Po) py@? Ry R

5
2p, +po r’ ®

rad —

where the F,,q4 is the radiation force on the particle from the acoustic
energy (newton), V,, is the volume of the particle (cubic meter),
pyp is the density of the particle (kilogram per cubic meter), p, is
the equilibrium density of liquid (kilogram per meter), @ is the
resonance circular frequency of the bubble, @ = 2zf (radian per
second), R, is the radial displacement amplitude of wall of the
bubble (meter), R, is the equilibrium radius of the oscillating
bubble (meter), and r is the distance from the bubble interface to
the particle position (meter).
Further, R, in Eq. (5) could be described as

P 1
Robo \f(@2 — 02 + (2,40

Reo = , (6)

where P, is the acoustic pressure amplitude (pascal), By is the
total resistive constant leading to damping, @y is the resonance cir-
cular frequency of the bubble, wy=27fy, f, is the resonance fre-
quency of the oscillating bubble (hertz).

Hence, the radiation force F,,4 could be further written as

4na3(pp _pO)
pr +p0

P’ PAR
Pp3l(@2 — 0?)* + (2Bi)’]’

At the same time, the oscillating bubble induces a streaming
flow in proximity, and the particles inside the flow experience

?)

Fraa = —

Biomicrofluidics 13, 034114 (2019); doi: 10.1063/1.5086920
Published under license by AIP Publishing.

13, 034114-6


https://aip.scitation.org/journal/bmf

Biomicrofluidics

drag forces
®)

where Fg, is the drag force on a particle in the liquid flow
(newton), a is the radius of the particle (meter), u is the liquid vis-
cosity (pascal second), and v, is the relative velocity between the
particle and the surrounding liquid (meter per second).

The physical phenomenon of particle movement in the liquid
near the oscillating bubble is complexed and coeffected by multiple
factors. However, the ratio of between the magnitude of radiation
force and the drag force could reflect the relative importance within
the microstreaming pattern.

Hence, the ratio between magnitudes of the radiation force
and the drag could be further written as

Farg = —6muavy,

Frad _ 2a2PiRg(pp - pO) (9)
Fyrg (@2 — w2)2 ’
3uvpripo(2p, + po) OT + (2Bir)?
If o =~ w,, then
Frad _ aZ(pP _Po) PIZ\Rg 1 (10)

Fdrg N 6yp0(2pp +p0) ﬁ?ot Vprs .

In the equation, the particle relative velocity v, is a function of
multiple variables, such as position, acoustic energy density, and so
on. Following the similar approximation,”””' the nonoscillatory
streaming has a limiting value, given by

ARTICLE scitation.org/journal/bmf

where the C is a constant that depends on the device structure and
acoustic source. Then, Eq. (10) could be simplified into

(Frad) _ az(pp _pO) @
Fdrg limit 6ﬂp0(2pp +P()) CﬂtzotR(Z; '

(12)

In the equation above, two major variables, @ and R,
influence the microstreaming. The other parameters are dependent
on particle properties and liquid properties. Also, (Frag/Farg)timic are
different with (Fua/Farg), since (Fraa/Farg)imic describes the limit
status when the particle velocity is at its largest values and it is irrel-
evant to the particle positions. Similar forms of this equation have
been reported.*””"> However, it is found that the derived equations
in this report could directly describe the influence of the bubble vol-
umetric variation on the acoustic microstreaming pattern.

Although the oscillating bubble-based acoustic microstreaming
has been widely studied, it still requires further works to study how
the continuous bubble variation influences the streaming patterns.
The puSAB system provides a new access to study the variable
acoustic microstreaming with the flexible and controllable bubble
interfaces, as shown in Fig. 5. The 5um (in diameter) polystyrene
microspheres (Beisile, Tianjin, China, 1:100v/v diluted from
2.5% w/v solution) circulated in the vortex close to the bubble
under acoustic excitation, and the experiments indicated that the
vortex circulation range expanded during the uSAB shrinkage.

Equation (12) describes that the value of (Fraa/Farg)imit i
proportional to the reciprocal of the uSAB area, when other
handling conditions are not changed. As shown in Fig. 5, the area
of the microstreaming was proportional to the invert of the area of

2
Vomax = %, (11) the spherical section of the uSABs. The area of the streaming
oRGr vortex was related to the total energy of the circulating particles,
(a) e (5) &) e ) N (o) i @ 2
R=71.6 pm R=59.6 pm R=57.1 ym R=57.1 ym R=57.1 um R,~57.1 pm R.=57.1 ym R.=57.1 ym
0] @ (k) 0}
- 0.9 4 1.8
4] 7.5 ] . .
L\;E-L L}
a3 6.5 -
X 0.5 1 1.01
~2 5.5 1 "
<i"é 11 * 5 um @ ~0.03 pL/min 1 um @ ~0.04 pL/min 7 5um @ 0.25 pL/min 1 um @ 0.25 pL/min
Adj. R-Square: 0.9704 4.5 4 Adj. R-Square: 0.8842 0.1 Adj. R-Square: 0.9305 Adj. R-Square: 0.9273
. : . ) : - 0.2 x .

2 26
(<104 pm?)

18
1/A

1 ) 3 5 14
1A, . (x10* pm?2)
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25 4 5 6
1/Amme (x10* pm-2)

5 15
1Ay, (104 pm2)

FIG. 5. Particle acoustic microstreaming pattern variation during uSAB growth and shrinkage. (a)-(h) The acoustic microstreaming pattern variation is related to the micro-
bubble volumetric variation. Scale bars are 50 um. (i)(I) Experimental data indicate linear relations between the reciprocal of the uSAB volume. All of the four demon-
strated conditions were operated with 10V, voltage at 70 kHz. The area of the microstreaming and the microbubble area were measured with ImageJ software. The
phenomenon was observed repeatedly under different conditions, such as polystyrene (PS) microsphere diameter and liquid flow rate. Other parameters, such as polysty-
rene microsphere numbers in liquid and uSAB numbers, have been considered and believed not influential to the plotted linearity. All the data were the averaged values
based on three measurements. Liquid flow rate was manually measured with ImageJ software (from NIH).
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FIG. 6. Particle acoustic microstreaming pattern variation under driving voltage frequency change. (a)—(p) Acoustic microstreaming pattern variation with driving voltage fre-
quencies from 55 kHz to 85 kHz with intervals of 2 kHz. Scale bars are 50 um. (q) The area of the microstreaming vortex vs driving voltage frequency. No obvious trend
was observed based on the data. The data are the average values based on three separate measurements.

since larger kinetic energy the particles owned, the larger area they
can reach. Figures 5(a)-5(h) are the image sequences when the
USAB shrinks, and Figs. 5(i)-5(1) are the plots between the invert
of the area of the spherical section of the uSABs and the area of
the particle streaming, under four different conditions. Although
the microbubble-based acoustofluidics is complex, the plotted
data demonstrated strong linearity between the uSAB dimension
(inverted value) and the microstreaming pattern.

As stated above, the drive voltage frequency f (or the circular
frequency o) is also a crucial parameter in Egs. (6) and (12). Tests
have been implemented to see how the drive voltage frequency
influences the microstreaming pattern. As demonstrated in the
figures, the driving voltage frequency cannot continuously control
the microstreaming pattern of microspheres since the relationship
between the vortex pattern and the driving voltage frequency is not
with apparent relation, similarly to the previous studies.”” The
reason is that the change of the drive voltage frequency would vary
the oscillation mode of the bubble interface and multiple peaks are
the results of these oscillation mode shifts.

As shown in Figs. 5 and 6, there were two flow microstreaming
vortexes observed near the bubble, and the size of the left vortex was
larger than the right one. The reason of choosing the asymmetric
streaming pattern in the figure is to avoid the interferences between
the nearby streaming patterns. Besides, there were continuous micro-
spheres flowing from the upstream microchannel to minimize the
possibility of observation errors. In the demonstrated test, the micro-
streaming was oscillated by an acoustic wave from the piezoelectric
transducer that was driven by the AC voltage signal (from 1V, to
10V, from 55kHz to 120kHz, by Tektronix AFG1022 and
TEGAM Model 2035 as the signal generator and voltage amplifier).
The liquid flow rate is 0-1 ul/min. The pneumatic control pressure
of the uSAB is +40 kPa.

The liquid flow and particle trace under acoustic energy are
the results of coupled multiphysics, and they are dependent on
various conditions and structural parameters. Here in this paper,
we use variable USABs to study the phenomena for better control
of the microstreaming. The variation of the particle microstreaming
pattern is found to be linear to the reciprocal of the uSAB volume,
and it provides a new insight into the theoretical studies of the
acoustic microstreaming, at the same time of a better control
method in the potential applications.

CONCLUSIONS

This paper majorly studies an innovative approach of control-
ling and utilizing standing microbubble interfaces in microfluidic
devices. The study developed a control mechanism to manipulate
the standing air bubble volumetric variation, with theoretical
studies and experimental characterizations. The pSABs form in the
crevice structures on the microfluidic channel walls when liquid
flow by, and the dimension of the pSABs are controlled under the
control pressure in the proximal pneumatic channel. Theoretical
and experimental studies validated that the pSAB formation and
variation owns good robustness and repeatability. Furthermore,
experimental data demonstrated a linear relationship between the
USAB volumetric variation and the pneumatic pressure gradient,
and the linear character will ensure the bubble controllability with
enhanced robustness and simplified bubble handling methods.

Based on the pSAB system, an acoustic microstreaming con-
tinuous variation phenomenon was studied. Since the uSAB system
could handle a single microbubble or microbubble arrays with ease
by the pneumatic pressure, it provides new perspectives to utilize
the acoustic microstreaming effects. A theoretical model was devel-
oped to describe the relationship between the ratio of Fy,4/Fg;s and
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USAB dimension, and experimental observation validated the
assumed linear relationship between the microstreaming pattern
and the uSAB dimension. Compare with the drive voltage fre-
quency, the uSAB volumetric variation could be more direct and
useful for acoustic microstreaming adjustment.

The pSAB system is a combinational concept of microbubble
formation and control, and it is further a promising platform that
could benefit various applications. The controllable and robustness
liquid-gas interfaces make the uSABs a strong candidate for
numerous applications, such as precise flow regulation, accurate
micromanipulation, high-throughput gas-liquid chemical synthesis,
and other novel biochemistry and biophysical applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the preliminary application
demonstrations of the uSAB system, details of bubble characteriza-
tions, and protocols of experiments.
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